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THE EFFECTS OF REYNOLDS NUMBER ON TBE APPLICATION OF
NACA 16-SERIES AIRFOIL CHARACTERISTICS
TO PROPELLFR DESIGN

By Hargld E. Cleary
SUMMARY

An analysis has beecn made of airfeil data taken on several
NACA l6-series prope_(.ler airfoils from tests of S—inch~chord models:
in the Langley 2L4—inch high-speed tunnel and l2—inch—chord models
in the Langley 8-foot high~epeed tunnel. : .

This analysis has shown that the combined effécts of Reynolds

.muber changes and veriations in airfoil characteristics resulting

fram differences in models and tunnels are such thet when 5-inche
chord and 12-inch-chord data are applied to full-scale propeller
design at or near the design condition, differences of less than
1 percent in efficiency will be involved.

INTRODUCTION

The design of present—day precpellers is usually based upon data
obtained under conditions of scale which differ {from those of operation.
These propellers are made up to & great degree of high-speed airfoil
sections, data for which are cbtained from tests of models of 2- to

‘5-inch chord. In addition, most of the tests of model propellers using

NACA l6-goriea airfoil sections heve been conducted on blades of this
same width. '

The question therefore has arisen a8 to the validity of applying
these test dats directly to lerger ccale designs.

In order to provide at least a qualitative answer to taese
gquestions, an analysis has boen made of some date available on
several NACA 1l6-series airfoils of both 5 and 12-inch churd. A
comparison of data from 5- and 12-inch—chord airfoils hes additional
significance because a 12-inch chord is representative of blade
widths ccmmonly used on full-scale propellers.
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APPARATUS AND ‘METHODS

The tests were made iu the Langley S-foot high-speed tunnel
and in the Langley 2hk—inch high-speed tunnel. The Langley 8—-foot
high-speed tunnel 1s a closed-thrcat single-return tunnel and at
the time of these tests the speed was continuously controllable up
t0 a Mach number of approximately 0.70. The Langley 24—inch high-—
speed tunnel is a nonreturn induction-type tunnel with the speed
continuously controllable to & Mach number of approximately 0.30
for a 5-inch, 15-percent—thick airfoil, ' Both tunnels have
degreoes of turbulence which are small though slightly higher than
that of free air. In both tunnels the mddels completely spanned
the Jjet; thus,the results are essentially two—dimensionel.

The chord of the models tested in the Langley 8-foot high—speed
tunnel was 12 inches; that of the models tested in the Langley 24~inch
high-speed tunnel was 5 inches. The airfoils tested were the follow-—
ing NACA 16-series sectioms: 16-209, 16-215, 16-509, 16,515, 16709,
.and 16~715, that is, sections having thickness ratios of 0.09 and
0.15 and having design 1ift coefficlents of 0.2, 0.5, and 0.7.

The data obtained werc 1ift, drag, and pitching moment. The
data on the S5~inch~chord airfoils wers obtained by means of force
measurements in the Langley 24—inch -tunnel.. For the l2-inch—chord
airfoils the 1ift and moment data were obtained from pressure—
distribution measurements and the drag date were obtained by means
of wake'su;veys._'The average &ariation of Reynolds-number with Mach
number for the airfoils as tested is shown in figure 1.

~SYMBOLS
M Mach number f
R Reynolds number
a angle of attack, degreos
cy section 1ift coefficlent

cm_c/LL section gquarter—chord piltching-moment coefficient
dCy/d@ lift-curve slope

cq gsection drag coefficient
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$o = tan—t L

nDu;, .
v . 4forv§rd;velbbity :
n :f~ﬁsf§ﬁétional'spéed
D prbrpeller diameter
x redius ratio
¢ = ¢o oy v _
“i ; .induced angle of attack
7 = tan~ -1 %%

RESULTS AND DISCUSSION

The chenges which occur in airfoil characteristics such as
drag and maximum 1ift coefficient with changes in the value of"
Reynolds number are directly connected with the action of the
boundery layer on the flcw over the airfoil. A discussion of the
mechanics of these flow chenges is contained in reference 1.

-The variations of 1ift coefficient with angle of attack for
the airfolls tested are compared in figure 2. Due to the fact that
the tests were made with different sized models of the same airfoil
sections and because the models were tested in different tunnels,
variations in the date ere to be expected as a result of individual
model irregularities, failure to exactly duplicate model alinement,
and slightly different wall effects. For these reasons, only the
shape and character of the curves in figure 2 should be campared.

The most noticeable effects of difference in Reynolds number
are slight changes in lift-curve slope and differences in the
character of the break in the 1lift curve corresponding to the end
of the Low-drag region. These effects are more marked for the
thicker airfoils.

The variation with Mach nuuber of the lift—curve slope, taken
in the desigm 1ift range, for the airfoils of different size is
presented in figuré 3. The differences in slope are generslly small
although marked differences occur for the NACA 16-209 and 16~715 air—
foils above a Mach number of 0.60.
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If the moment coefficients of two airfolls are compared at a
given value of 1lift coefficient, an indication of differences in
load distribution is obtained. When this procedure is epplied to
data for two geometrically similar airfoils tested under different
conditions of scale, an indication of fundamental-flow changes is
obtained. Therefore, the variation of pitching-moment coefficient.
with 1ift coefficient for several airfoils is presented in figure k.
Analysis of these data indicates that the fundamental-flow changes,
wvhich may be due to scale effects or model irregularities, are small.
The most noticeable differences occur at 1ift coefficients corre—
sponding to the end of the region of low drag. These differences
indicate that the lift coefficlent at which transition occurs
decreases as the Reynolds number is increased, as has been pointed
cut in reference 1. This effect is apparent for the thicker
airfoils. The differcnces between the data for the 5 and 12-inch
NACA 16-509 and 16-515 airfoils suggest individual model irregularities.

Because boundary-layer changes are involved it is .to be expected
that with changes in Reynolds number the drag characteristics will
be affected to a greater degree than the lift and moment character—
istics. The variations of drag coefficient with 1ift-coefficient
for four airfoils, ths NACA 16-209, 16-215, 16709, and 16-715, at
two values of Mach muwber are showr in figure 5. "

In figure 6, curves of tho variitions of skin-friction drag
coefficient with Reynnlds number for a flat plate are presented.
Thesge curves ars baced &a tie lamimer and turbulent laws for skin-—
friction drag (reference 2) and show how the drag coefficiont |
. decreases as the Reynolds number is increased, for a given regime.
For the combined drag coefricient of both surfaces,

the laminar law is

ca =‘ﬁﬁ§§h

. the turbulent law is
| cq = QL8
o

The peints plotted on figure 6 are the values of minimun drag
coefficient teken from figure 5. These data are generaliy within the
1limite of the  laminar and turbulent curves. It has been =a~a, In
reference 1, that »cugh airfoil surfaces give drag coefislcnet well
above the tucrbulent skin-friction curve. The relative pcsition of the
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data for a given airfoil between the laminar and turdbulent curves

depends on scale effects and factors such as pressure gradients

and surfaoe rcughnesa'whiah‘affaet‘poundargaaayer tranaitiqn. o
Includeu in flgure 6 1a the‘waniation.of minimum drag coefficient

for thé NACA 16009 zirfoll &s reported in reference 3.. These data -

were obtaihed in‘onhe tunnel under conditions of low turbulence ‘

The similarity between the trends of the drag veriation with Reynclds

| number shown by the data taken from reference.3 and those reported

! herein, 1nd1cate ‘thet: the rather large. difference in the drag as

obtained ‘in the Langley 8-~foot high-speed tunngl and.the Langley 24—inch

high—speed tunnel is-actually a-scsle effect,.and is not caused by

differences in tunnel test techniques or model surface condition.

The differences in slope of the wverdiation of drag coefficient
with Reynclds number for the S5-inch-chord airfoils as compared with
the 16-209 data from reference 3 are ascribed to compressibility

effetts’ which Yesult in the steepering of the pressure-recovery

gradients cver the airfoils: I% im to be expected that these effects
will be mbdie proncunced for thick airfoils as is 1llustrated by ’
the relatively slight variaticn of drag coefficient with Reynolds
rnumber for the NACA 16-215 and 16-715. The adverse effects of
increased recovery gradients in critical Reynolds number ranges are

. further illustrated by the increases in value of 2rag coefficient
as the thickness and camber-are increased. - -

- In consldering the application of these data to propeller design,
it should be pointed owt that changes in drag coefficient of the order
of those found in figure 6 will have only a smell effect on propeller
performance at design conditions because at these conditions the
lift—drag ratio is high and, since the elemental efficiency is

the ohanges in’ eff*ciency w;ll be of sma;l.oréer

Wlnd—tqnnel mode_Lc are carsfullj prepared and malntained, whereas
in actual cperation manufecturing ‘rregu*arwtios and surface roughness
will probebly produce values of ‘drag coefficient closer to those
obteined on the 5~inch—chord models. Thersfore, altnough the S-inch—
chord dsta dc not ropresent true conditlions of scale, iney may be
safely used to estimate propeller performance. For example, the
. differenceein efficiency computed by the above relaticn based upon

the differences in drag coefficlent for the 5- and 12-inch-chord
airfoils will be of the order of 0.6 percent if it is assumed that
for a typical propeller the representative sections over the important
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area of the blade have thickness ratios of 0.09 or less and are.
cambered to give a design 1ift coefficient of 0.5, This difference
of efficiency will hold for a range of lift coefficient £0.1 from
design at values of Mach number up to 0,50, If thicker or lower
cembered sections are used or the blade is operated away from the
design condition, differences greater than 1 percent may be
expected. If, however, operational drag cocfficients are higher
than those. presented.fbr the 12-inchk-chord airfoils, the differences
in efficiency will be smaller. Moreover, use of the 5-inch-chord
dats gives a more conservative estimate of effic1ency.

" CONCLUSION

.1, Differences of less than 1 percent in propeller efficiency
at or near the design condition will be involved in applying data
from S5-inch~chord and l2-inch—chord airfoil tests to full-scale
- propcller design.

Langley Memorisl Aeronauticaleabofatory
National Advisory Committee for Aeronautics
© langley Field, Va., August 21, 1947
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